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Propylene oxide (PO) has been widely used as an intermediate for the industrial production of polyurethane foams and polyester fibers, and to a lesser extent, in the sterilization of medical equipment and as a fumigant for foodstuffs 1) . Annual production of PO in 2000 was estimated to be 1,673,000 tons in the USA 2) and 353,000 tons in Japan 3) . A total of 100,000 male workers and 317,000 female workers were occupationally exposed to PO in the USA between 1981 and 1983, according to the National Occupational Exposure Survey conducted by the National Institute for Occupational Safety and Health (NIOSH) 4) . Excessive inhalation exposure of workers to PO vapor was reported to cause irritation of the eyes, respiratory tract and lung, and dermal contact with PO liquid caused irritation and necrosis of the skin 5) . Experimental toxicology studies demonstrated that repeated inhalation exposure of rats to PO induced axonal degeneration of myelinated fibers in the central and peripheral nervous systems 6) , degenerative change and increased cell proliferation in the respiratory and olfactory epithelia of the nasal cavity 7) , and degenerative, inflammatory and hyperplastic responses in the nasal mucosa, as well as nasal and mammary tumors [8] [9] [10] [11] . Omura et al. 12) reported dose-dependent testicular toxicity in rats intraperitoneally administered PO at 23, 47 and 93 mg/kg for 3 d/wk for 6-wk and at 186 mg/kg for 3 d/ wk for the first 2-wk and once a week for the next 4-wk. Hardin et al. 13) reported that inhalation exposure to PO at 300 ppm for 7 h/d for 5 d caused neither increased preimplantation loss nor reduced the number of living implants in the dominant lethal test using rats. They also reported no increased frequency of abnormal sperm in the sperm-head morphology test using mice. Three studies of experimental reproductive/developmental toxicology involving PO have been reported to date. Inhalation exposure of female rats to 500 ppm PO for 3-wk before mating and for GD 1 through 16 was reported to decrease the numbers of corpora lutea in the dams and increased the incidences of rib dysmorphology and reduced skeletal ossification in the fetuses 14) . No evidence of fetal malformation or variation except a sole variation of the seventh cervical vertebra was demonstrated in pregnant rats exposed by inhalation to PO at levels up to 500 ppm for 6 h/d from GD 6 through 15 15) . Also, no adverse effects on reproductive function over two generations were evidenced by inhalation exposure of male and female rats to PO at levels up to 300 ppm for 14-wk before mating, and during the mating, gestation and lactation periods, and subsequent inhalation exposure of selected male and female F 1 pups to the same levels of PO for 17-wk beginning from 5-wk of age until mating to produce the F 2 litters 16) . Since a primary route of exposure of workers to PO is inhalation of its vapor, an occupational exposure limit (OEL) for PO has been established as 2 ppm Threshold Limit Value-Time Weighted Average (TLV-TWA) by the American Conference of Governmental Industrial Hygienists (ACGIH) 17) . In animal toxicity studies available for OEL setting, it is important to determine the most sensitive, biologically significant and adverse effects among various facets of toxicities including reproductive toxicity in the parents and developmental toxicity in the offspring. This study was designed to assess the toxic characteristics of PO in rats and dose-response relationships for effective endpoints, including reproductive/developmental and systemic toxicities. For this purpose, overall evaluation of the PO toxicity was attempted by two inhalation experiments, with reference to the Organisation for Economic Co-operation and Development (OECD) Guideline for the Testing of Chemicals 422 (combined repeated dose toxicity study with the reproduction/ developmental toxicity screening test) 18) . The importance of nasal toxicity in relation to reproductive/developmental and systemic toxicities is presented here for overall evaluation of the toxic potency of PO.
Materials and Methods
This study was conducted in accordance with the OECD Principles of Good Laboratory Practice 19) . The animals were cared for in accordance with the Guide for the Care and Use of Laboratory Animals 20) . This study was approved by the ethics committee of the Japan Bioassay Research Center.
Animal
Six-week-old male and female Crj:CD(SD)IGS rats were purchased from Charles River Japan, Inc. (Atsugi, Japan). After 1-wk of quarantine, the animals were acclimated to inhalation chambers made of stainless steel and glass of 1.11 m 3 in volume, and equipped with an automatic watering system. After 1-wk of acclimation in the exposure chambers, they were weighed and divided into 5 groups of 10 animals per each sex by body weightstratified randomization. All animals were individually housed in stainless-steel wire mesh cages in the inhalation chambers during the exposure period. After 2-wk of exposure to PO or clean air, female rats were paired with males on a 1:1 basis within the same dose group every night, until copulation or for 2-wk for evaluation of fertility. Every morning the females were checked for the presence of sperm or a plug in their vagina. The day that sperm or a plug in the vagina was detected was defined as gestation day (GD) 0. After copulation, female and male rats were housed in the exposure chambers all day long, throughout the remainder of the exposure period. On GD 20, the pregnant females were moved out of the exposure chambers and housed for natural delivery in stainless-steel box cages provided with nesting materials (ALPHA-dri TM , Shepherd Specialty Papers, Inc., MI, USA). The temperature, relative humidity, air flow rate and pressure in the exposure chambers were maintained constant in the range of 22 ± 1°C, 55 ± 5%, 212 l/min and -5 to -15 mmH 2 O, respectively. Fluorescent lighting was controlled automatically to give a 12-h light (08:00-20:00)/dark (20:00-08:00) cycle. Filtered, UV-irradiated tap water and commercial pellet diet (CRF-1, γ-irradiated with 30 KGy, Oriental Yeast Co., Tokyo, Japan) were given ad libitum.
Chemical
Reagent grade of PO (purity 100%) was obtained from Wako Pure Chemical Industries, Ltd (Osaka, Japan). The PO used in this study was analyzed for its identity and purity by both infrared spectrometry and mass spectrometry and for its stability by gas chromatography. Neither decomposition products nor impurities were detected.
Inhalation exposure to PO
Inhalation exposure to PO vapor was performed, using the same method and technique as described in a previous study 21) . Airflow containing 0 (clean air), 125, 250, 500 or 1,000 ppm (v/v) of PO vapor as a target concentration was prepared. Chamber concentrations of PO were monitored by gas chromatography every 15 min during the daily 6 h exposure period and were kept constant at 125.3 ± 0.8 (mean ± SD), 250.5 ± 1.2, 500.4 ± 2.3 and 1,000.1 ± 4.1 ppm. Groups of 10 males and 10 females each were exposed to clean air, and served as respective controls.
Experimental schedule
Female rats were exposed to PO for 6 h/d for 7 d/wk during the 2-wk premating period, during the mating period until copulation and during the gestation period, from GD 0 through 19. The number of PO exposure days of female rats ranged in total from 35 to 39 days, depending on the start of gestation. Male rats were exposed to PO for 6 h/d for 7 d/wk during the 6-wk period, consisting of 2-wk premating, 2-wk mating and 2-wk postmating. Both sexes per group were exposed at the same time in a chamber, giving a total of five chambers for five groups.
Examinations and assessments
Animals were observed daily for clinical signs and mortality. Body weights were measured once a week throughout the whole study period. Pregnant females were allowed to deliver naturally, and the day of parturition was defined as postnatal day (PND) 0. Pups were examined for sex, mortality and external malformations on PND 0 and for viability on PND 0 through 4. Pup weights were measured per sex per litter on PND 0 and 4. Dams and pups were sacrificed by diethylether anesthesia on PND 4, and non-delivered dams were sacrificed on the day corresponding to GD 26. The dams were examined for numbers of corpora lutea on ovaries and implantations in uteri. Males were sacrificed by diethyl ether anesthesia after the 6-wk exposure period. All the males and females underwent complete necropsy. Sperm taken from the caudal epididymis was examined using a sperm analyzer (TOX IVOS, Hamilton Thorne Biosciences, Inc., MA, USA) for sperm motility and count. Serum concentrations of luteinizing hormone (LH), follicle stimulating hormone (FSH) and testosterone in male rats were determined, using the EIA system (Amersham Pharmacia Biotech, Inc., Uppsala, Sweden) and the Active TM testosterone EIS system (Diagnostic Systems Laboratories, Inc., TX, USA). Organs were removed, weighed and examined for macroscopic lesions. For histopathological examination, the testis and epididymis were fixed in Bouin's solution, and the other organs were fixed in neutral buffered 10% formalin. Pretreatment of the nasal cavity for histopathological examination and the method for trimming 3 frontal sections at the levels of the posterior edge of the upper incisor teeth (Level 1), the incisive papilla (Level 2) and the anterior edge of the upper molar teeth (Level 3) were described in a paper by Aiso et al. 22) . Severity grades of nasal lesions were scored on the basis of affected area; Grade 1 for less than 10%, Grade 2 for 10 to 40%, and Grade 3 for more than 40% of the total area of either respiratory or olfactory epithelial region. Tissue sections of 5 µm in thickness were prepared and stained with hematoxylin and eosin (H & E).
Additional inhalation experiment for developmental toxicity
For further examination of developmental toxicity, an inhalation experiment was carried out by exposing 6 groups of 5 pregnant rats each, which had been mated in the animal room and then moved to the inhalation chambers on GD 0, to PO vapor at 0, 125, 250, 500, 750 or 1,000 ppm for 6 h/d for 14 consecutive gestation days (GD 6 through 19). Addition of 750 ppm to the exposure regimen was based on the results of the main inhalation experiment that no live pups were born in the group exposed to 1,000 ppm PO, whereas no developmental effect was induced in the pups of the group exposed to 500 ppm PO. The exposure of pregnant females to 750 ppm PO was presumed to correspond to a critical concentration for induction of fetal abnormalities. The pregnant rats were delivered by Cesarean section on GD 20. The numbers of dead and live fetuses were recorded. Live fetuses were weighed, sexed, and examined for external, skeletal and visceral anomalies, using the methods described in our previous papers 23, 24) .
Statistical analyses
Copulation and fertility indices, number of pregnant females that delivered live pups, and histopathological findings were analyzed by the Chi-square test between the control and the PO-exposed groups. Other parameters were analyzed by Dunnett's test. At first, Bartlett's test was used to test for homogeneity of variance. When the variance was homogeneous, one-way ANOVA was used. When the variance was not homogeneous, Kruskal-Wallis rank sum test was performed, by arranging all data for the control and exposure groups in descending order. Statistical differences in the means and the rank means among the groups were analyzed by Dunnett's multiple comparison test, and the same multiple comparison test by rank, respectively. A two-sided analysis with a pvalue of 0.05 was performed.
Results
Three males exposed to 1,000 ppm PO were found in a moribund state in the final week of the postmating period. Three pregnant females exposed to 1,000 ppm PO were found in a moribund state during the middle of the gestation period, and one non-pregnant female exposed to 1,000 ppm died in the 5th wk of repeated exposure. The cause of their deaths was attributed to respiratory failure on the diagnostic basis of lung inflammation of severe grade, revealed in the histopathological examination, reddish lung noted by macroscopic examination at necropsy, and irregular respiration followed by deep and slow breathing before their death, on gross observation. Irregular respiration was observed in 6 males and 3 females exposed to 1,000 ppm. Ataxic gait occurred in 7 males and 4 females exposed to 1,000 ppm, indicating impairment of motor function. Body weight was decreased in the males exposed to both 500 and 1,000 ppm on the 7th day of the repeated exposure and later, and in the females exposed to 1,000 ppm during the premating and gestation periods (Figs. 1 and 2).
Respiratory tract toxicity
In the histopathological examination (Table 1) , lesions in PO-exposed male and female rats occurred in the upper and lower respiratory tract, particularly in the respiratory and olfactory mucosa of the nasal cavity. In the anterior portion (Level 1) of the nasal cavity, regeneration of respiratory epithelium which was replaced with the squamous epithelium or which migrated to the cuboidal epithelium was observed in groups of both sexes exposed to 1,000 ppm. In the olfactory epithelium, incidences and severities of necrosis, atrophy and regeneration were increased with an increase in exposure concentration. Necrosis was characterized by pyknosis or karyorrhexis of the nuclei and exfoliation of the epithelial cells into the lumen of the nasal cavity. Atrophy of the olfactory epithelium was characterized by decreased epithelial thickness and decreased numbers of olfactory sensory cells (Fig. 3) . Atrophy of both the nerve bundles and olfactory glands within the lamina propria was also evident. The olfactory epithelial atrophy occurred only at the dorsal meatus of middle portion (Level 2) of the nasal cavity in the males exposed to 250 ppm, and its average grade of severity was 1.0, corresponding to the slight grade. The affected area extended to the olfactory epithelium lining the dorsal meatus of the posterior portion (Level 3) in groups of both sexes exposed to 500 ppm, and at the entire area of the posterior portion (Level 3) in groups of both sexes exposed to 1,000 ppm. The averaged severity grades of the olfactory epithelial atrophy in the males and females of the 1,000 ppm exposure group were 3.0 and 2.7, respectively, both of which corresponded to the marked grade. Regeneration of the olfactory epithelium was characterized by either respiratory metaplasia or epithelial disarrangement. Inflammation infiltrated primarily by neutrophils was observed throughout the entire area of the respiratory and olfactory mucosa in groups of both sexes exposed to 1,000 ppm. Regeneration of laryngeal epithelium characterized by squamous metaplasia was observed in groups of both sexes exposed to 1,000 ppm.
In the lung, inflammation and alveolar macrophage aggregate occurred in groups of both sexes exposed to 1,000 ppm, the former lesion appearing at 500 ppm. Inflammation infiltrated by neutrophils was observed throughout the entire area from the bronchus to alveolus. Alveolar macrophage aggregate was characterized by accumulation of foamy cells in the alveolus around the terminal bronchiole. The histopathologically observed lesions in the upper and lower respiratory tract were diagnosed according to the Guide for Toxicologic Pathology by Renne et al. 25) . Table 2 shows effects of PO on male reproduction, as well as on copulation and fertility of the female rats that had mated with the males exposed to the same levels of PO. Six-wk inhalation exposure of male rats to 1,000 4) : Three males were not examined, because moving sperms were not observed in the sperm culture.
Reproductive toxicity

Fig. 4.
A: Germ cell necrosis in the seminiferous tubule of testis in a male rat exposed to 1,000 ppm PO for 6-wk. Necrosis of the primary spermatocytes is indicated (arrows). B: Normal seminiferous tubule of testis in a male rat exposed to clean air as a control for 6-wk. Bar indicates 100 µm. 2) 87.2 ± 20.9 91.0 ± 8.0 90.0 ± 11.9 86.1 ± 11.7 78.4 ± 22.8
PND 0
No. of pups born 13.8 ± 3.9 13.7 ± 3.2 14.9 ± 1.9 12.7 ± 2.3 0** Delivery index (%) 3) 98.0 ± 4.5 87.1 ± 8.9 95.4 ± 5.4 88.3 ± 10.4 0** No. of live pups 13.5 ± 3.9 13.4 ± 3.0 14.9 ± 1.9 12.5 ± 2.8 -Pups weight (g) Males 6.7 ± 0.4 6.6 ± 0.7 6.4 ± 0.3 6.7 ± 0.4 -Females 6.2 ± 0.5 6.2 ± 0.6 6.0 ± 0.3 6.4 ± 0.5 -Sex ratio 4) 0.4 ± 0.1 0.5 ± 0.2 0.5 ± 0.2 0.6 ± 0.1 -
PND 4
No. of live pups 13.1 ± 3.7 13.1 ± 2.4 14.7 ± 1.8 12.5 ± 2.8 -Viability index (%) 5) 97.4 ± 4. ppm PO significantly increased the incidence of germ cell necrosis in the seminiferous tubule, incidences of decreased sperm and debris of spermatic elements in the epididymis, and significantly decreased the absolute and relative weights of seminal vesicle and prostate and both motility and number of sperm. Absolute testis weight was statistically decreased in males of the 1,000 ppm exposure group, while relative testis weight was statistically increased in males exposed to 500 and 1,000 ppm. Because the body weights of males in the 1,000 ppm exposure group were significantly decreased, the statistically significant changes in the relative and absolute testis weights were considered not to reflect a biologically significant change, suggesting no effect of PO on testis weight. Germ cell necrosis (Fig. 4 ) was mild and characterized by nuclear and cytoplasmic hyperchromasia of primary spermatocytes, but those changes occurred without any apparent histopathological change in Sertoli or Leydig cells. Notably, a significant decrease in the serum level of testosterone with a concomitant increase in LH and FSH occurred in males exposed to 1,000 ppm.
Copulation and fertility of males and females exposed to PO were characterized by an absence of copulation in one out of the ten parental pairs exposed to 1,000 ppm and by non-pregnancy in two out of the nine copulating pairs exposed to 1,000 ppm, resulting in decreased copulation and fertility indices and a decreased number of pregnant females, although these decreased values were not statistically different from their respective controls.
Developmental toxicity
Developmental effects on pups from the parents exposed to PO during the 5-to 6-wk period are summarized in Table 3 . Although there was no statistically significant difference in the number of corpora lutea between any of the PO-exposed groups and the control, inhalation exposure to 1,000 ppm PO tended to decrease the number of implantations and the implantation index. Notably, no pup was born to any of the seven dams in the 1,000 ppm exposure group that had mated with the males exposed to PO at the same level. However, except for the 1,000 ppm exposure group, there were no significant differences in the numbers of pups born and live pups on PND 0, body weights and sex ratio of male and female pups, or in the number of live pups and body weights on PND 4 between any of the PO-exposed groups and the respective control. No external malformation was detected in any pup from the parent groups exposed to PO.
The developmental effects on intrauterine fetuses from the dams exposed to PO only during the 2-wk period from GD 6 through 19 are summarized in Table 4 . Notably, there were no significant differences in the number of live fetuses or implantation loss between any of the PO-exposed groups and the respective control. Body weights of male and female fetuses from dams exposed to both 750 and 1,000 ppm PO were significantly reduced, compared with the respective controls. The numbers of ossified sacral-caudal vertebrae were significantly decreased in the fetuses from dams exposed to both 750 and 1,000 ppm PO, compared with the control. On the other hand, there were no differences in incidences of fetal malformations or variations between any of the PO-exposed dams and the control. Body weights of dams in the 750 and 1,000 ppm exposure groups were significantly reduced on GD 13 and 20, compared with the respective controls.
Discussion
In this study, 6 h/d inhalation exposure of male and female rats to 1,000 ppm PO during a 5-to 6-wk period including premating, mating and postmating or gestation caused the death of 3 males and 4 females from respiratory failure, significantly decreased body weights, and seriously affected male and female reproductive systems, and their upper and lower respiratory tracts and motor functions. The affected male reproductive system was characterized by both mild germ cell necrosis in the seminiferous tubule and a significant decrease in the serum level of testosterone, with a concomitant increase in LH and FSH, without any apparent histopathological change in either Sertoli or Leydig cells or any change in testicular weight, and by significant decreases in motility and sperm counts and in weights of seminal vesicle and prostate.
At least two different, underlying mechanisms are likely to be involved in the PO-induced impairment of spermatogenesis. The first mechanism might involve alkylation of DNA and protein of germ cells by PO, resulting in germ cell necrosis. PO has been reported to bind to DNA and its components in aqueous solution 26) and to form PO-DNA adducts in the white blood cells of Table 4 . Developmental toxicity of fetuses from the dams exposed to PO at 5 different concentrations or clean air as a control during the 2-wk period of GD 6 through 19   ppm  0  125  250  500  750  1,000 No. of dams examined 2) 9.7 ± 13.6 9.5 ± 14.7 8.6 ± 12.8 5.7 ± 12.8 7.9 ± 11.4 8.6 ± 19.2
Values are expressed as mean ± S.D. Values in angular brackets indicate the number of fetuses examined. * and ** : Significantly different from control group at p<0.05 and p<0.01 by Dunnett's test, respectively. 1) : including short supernumerary rib, cervical rib, dumbbell ossification of thoracic centrum and bipartite ossification of thoracic centrum. 2) : including persistent left umbilical artery, supernumerary coronary ostium and thymic remnant in neck.
workers exposed to PO 27) , and inhalation exposure of male mice to ethylene oxide, an alkylating agent like PO, was reported to alkylate DNA and protein of germ cells 28) . A second, possibility is that altered biosynthesis and regulation of the sex hormones might be involved in the underlying mechanism, as evidenced by the significantly decreased serum level of testosterone, with concomitantly increased levels of LH and FSH in the male rats exposed to 1,000 ppm PO, since testosterone is known to influence spermatogenesis through regulation of the anterior pituitary-testicular axis 29, 30) . The obvious manifestation of PO-induced testicular toxicity found in this inhalation study can be contrasted with the findings of Omura et al. 12) who found that repeated intraperitoneal administration of PO to male rats induced decreased testicular and epididymal weights, decreased sperm counts and increased rates of sperm with morphological abnormalities, without any significant change in serum testosterone or histopathology of Leydig cells. There were similarities in the reduced sperm count and no apparent histopathological change in Leydig cells between the present inhalation study and the study of Omura et al. by intraperitoneal administration 12) . However, the principal differences between these two studies are that germ cell necrosis, decreased weight of seminal vesicle and prostate and significantly decreased serum level of testosterone with concomitantly increased levels of LH and FSH were found only in the present inhalation study. These differences might be attributable to differences in the route of PO administration (i.e., inhalation exposure vs. intraperitoneal injection) and the number of repeated administrations and the repetition interval (i.e., 6 h/d, 7 d/wk for 6-wk for the inhalation exposure to 125, 250, 500 and 1,000 ppm versus 3 d/wk for 6-wk for 23, 47 and 93 mg/kg/d, and 3 d/wk for the first 2-wk and once a week for next 4-wk for 186 mg/kg/ d) between the present study and that of Omura et al. 12) . However, no apparent difference in the daily amount of PO administered was found between the two studies, because the intraperitoneal doses of 23, 47, 93 and 186 mg/kg/d in the study of Omura et al. were roughly the same order as the estimated amounts of body uptake of 60, 120, 360 or 480 mg/kg/d in the present study, which were arrived at by assuming a 561 ml/min/kg body weight as the minute volume 31) and 100% for the lung absorption rate of PO, for male rats inhaling 125, 250, 500 or 1,000 ppm PO vapor for 6 h/d, respectively.
It was found in both this reproductive/developmental study and the additional developmental toxicity study that PO exposure of 1,000 ppm caused the intrauterine death of fetuses in pregnant female rats which had copulated with males also exposed to 1,000 ppm PO, throughout the 5-to 6-wk period including GD 0 through 19, whereas neither fetal death nor teratogenicity was elicited by the 2-wk inhalation exposure of pregnant females to the same level of PO during only the gestation period of GD 6 through 19, corresponding to the postimplantation period. Intrauterine deaths might be causally related to the additional PO exposure of the parents during the 2-wk premating period and of pregnant females during the early gestation period of GD 0 through 5, corresponding to the preimplantation period. Therefore, intrauterine deaths might be attributable to severe maternal toxicity, since exposure to 1,000 ppm PO caused the death of three pregnant females. It might also be inferred that PO affected the oocytes and ovulation before fertilization, and the fertilized eggs and early embryos during the preimplantation period of gestation, in addition to the sperm before copulation as discussed in the preceding paragraph. Further study will be needed to look into the causative factors and mechanisms of this adverse effect. The adverse fetal effects of reduced body weights and decreased numbers of ossified sacral-caudal vertebrae found in the additional developmental toxicity study can be interpreted as being causally related to maternal systemic toxicity which was indicated by significantly reduced maternal body weights.
The present findings of reproductive/developmental toxicity are in contrast with those by Hardin et al. 14) who reported decreases in numbers of live fetuses and fetal body weights, skeletal alterations, decreased numbers of corpora lutea and implantations and decreased maternal body weight after inhalation exposure of female rats to 500 ppm PO for 3-wk before mating and for GD 1 through 16. On the contrary, we observed no reduction in the numbers of corpora lutea, no decrease in fetal body weight and no decrease in maternal body weights in the pregnant females exposed to 500 ppm PO. Judging from the decreased maternal body weight, the difference in results might be attributable to severer maternal toxicity resulting from the longer duration of exposure of non-pregnant females to 500 ppm PO before mating in the study of Hardin et al. However, our findings are in essential agreement with the results of two other studies. Harris et al. 15) reported no evidence of external, skeletal or visceral malformations or variations, except for a sole variation of a rib of variable length on the seventh cervical vertebra in fetuses from rat dams exposed by inhalation to PO at levels up to 500 ppm for 6 h/d from GD 6 through 15. Hayes et al. 16) reported that no adverse effects on reproductive function over two generations were evidenced by inhalation exposure of male and female rats to PO at levels up to 300 ppm for 14-wk before mating, and during the mating, gestation and lactation periods, and subsequent inhalation exposure of selected male and female F 1 pups to the same levels of PO for 17-wk beginning from 5 weeks of age until mating to produce the F 2 litters.
In this study, the most sensitive lesion of PO-induced toxicity was found to occur in the nasal mucosa. The nasal lesion was confined to atrophy of the olfactory epithelium at the dorsal meatus in male rats exposed to 250 ppm, but the lesion extended to the entire area of the upper and lower respiratory tract in both sexes, including the nasal cavity, larynx and lung, when the inhalation exposure concentration was increased to 1,000 ppm. High susceptibility of the olfactory epithelium to inhaled PO insult might be causally related to a difference in activities of xenobiotic-metabolizing, detoxifying enzymes between the olfactory and respiratory mucosa, because two pathways for PO metabolism, hydrolysis to 1,2-propanediol by epoxide hydrolase and conjugation with glutathione by glutathione S-transferase, were suggested 32) , and because the highest levels of epoxide hydrolase and glutathione S-transferase C were found in the respiratory regions of nasal mucosa 33) . The POinduced nasal lesion found in the present study is consistent with the findings of Eldridge et al. 7) that inhalation exposure of male rats to PO at levels up to 525 ppm for 6 h/d, 5 d/wk for 4-wk induced degeneration of the olfactory epithelium and hyperplasia of the respiratory epithelium. They also found increased cell proliferation in both the respiratory and olfactory epithelia, as determined by bromodeoxyuridine incorporation into replicating epithelial cells, and established a No-Observed-Adverse-Effect-Level (NOAEL) of 50 ppm PO for the endpoints of both nasal histopathology and cell proliferation in the nasal mucosal tissue 7) . PO-induced injury of the olfactory mucosa found in the present study was characterized by the decreased number of olfactory sensory cells and the atrophy of both the nerve bundles and the olfactory glands, suggesting possible olfactory deficits in the PO-exposed rats that could possibly be extrapolated to workers exposed to PO. However, no human data pertinent to the PO-induced impairment of olfactory sensation is available, except for two reports that excessive exposure of workers to PO vapor may cause irritation of the eyes, respiratory tract and lungs 5) , and the human odor detection threshold was 200 ppm for PO, a respiratory irritant 34) . Inhalation exposure to hydrogen sulfide, a similar respiratory irritant, has been reported to cause the olfactory deficits and loss of olfactory sensation in exposed humans 35, 36) and to induce the necrosis and regeneration of the olfactory mucosa and inhibition of nasal cytochrome oxidase in male CD rats 37) . It is, therefore, inferred that the olfactory epithelial atrophy found in the present study reflects biologically significant adversity allowing extrapolation of animal toxicity data to human health effects. Therefore, the NOAEL was determined to be 125 ppm for the nasal endpoint in this study, because olfactory epithelial atrophy was found to occur at 250 ppm and above. The present NOAEL value is comparable with the NOAEL of 50 ppm for the same nasal endpoint reported by Eldridge et al. 7) . Harris et al. 15) reported that the NOAEL of PO for the endpoints of both increased cervical rib variation in rat fetuses and reductions in the maternal body weight gain and food consumption was 300 ppm. Therefore, the most sensitive sign of upper respiratory tract lesion would be manifested at a lower exposure level than any sign of the developmental, reproductive and systemic toxicities of PO.
It is interesting to note that the establishment of 2 ppm TLV-TWA for PO by ACGIH was based on the NOAEL of 50 ppm for the proliferative changes in nasal mucosa of rats 17) , expecting that exposures below the TLV-TWA of 2 ppm would not result in a sustained increase in cell proliferation, thus reducing the carcinogenic risk. However, it remains unresolved as to whether the degeneration and regeneration of olfactory and respiratory epithelia in rats that occurred at 150 ppm and above in the study of Eldridge et al. 7) and at 250 ppm and above in the present study would ultimately lead to a marginal increase in incidences of papillary adenomas of the nasal turbinate, which was reported in male and female exposed to 400 ppm as some evidence of PO carcinogenicity (not clear evidence) by a 2-yr NTP study 11) , when a carcinogenic hypothesis of the cytolethality and subsequent cell proliferation 38) was taken into consideration for these NOAELs of PO. Standing aside from the issue of carcinogenicity, sensory irritation is one of the most important determinants for establishing TLVs for chemical substances, because 40% of 414 ACGIHTLVs were based on avoidance of sensory irritation 39) . The human odor detection threshold was reported to be 200 ppm for PO 34) , which is approximately the same level as the NOAEL of 125 ppm for PO found in this study. Therefore, the present finding of the olfactory epithelial lesion as the most sensitive endpoint in the PO animal toxicity may provide novel information about the animal toxicity data for health-based setting of the OEL of PO with respect to possible impairment of sense of smell (dysosmia) resulting from occupational exposure to respiratory irritants including PO and hydrogen sulfide.
In conclusion, the 6 h/d inhalation exposure of male and female rats to PO vapor at 1,000 ppm and below during a 5-to 6-wk period seriously affected parental survival, the upper and lower respiratory tract, the male and female reproductive system, motor function, parental body weights and fetal survival and development. The developmental toxicity of fetal death was manifested at parentally toxic exposure levels above 500 ppm. Atrophy of the olfactory epithelium was the most sensitive sign of PO toxicity, appearing at 250 ppm and above. The NOAEL was determined to be 125 ppm PO for the nasal endpoint.
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